A key requirement for the development of the field of medical x-ray scatter imaging is accurate characterization of the differential scattering cross sections of tissues and phantom materials. The coherent x-ray scattering form factors of five tissues (fat, muscle, liver, kidney, and bone) obtained from butcher shops, four plastics (polyethylene, polystyrene, lexan (polycarbonate), nylon), and water have been measured using an energy-dispersive technique. The energy-dispersive technique has several improvements over traditional diffractometer measurements. Most notably, the form factor is measured on an absolute scale with no need for scaling factors. Form factors are reported in terms of the quantity x = λ −1 sin(θ/2) over the range 0.363-9.25 nm −1 . The coherent form factors of muscle, liver, and kidney resemble those of water, while fat has a narrower peak at lower x, and bone is more structured. The linear attenuation coefficients of the ten materials have also been measured over the range 30-110 keV and parameterized using the dual-material approach with the basis functions being the linear attenuation coefficients of polymethylmethacrylate and aluminum.
Introduction
A library of the scattering properties of tissues and phantom materials will be an important tool for the developing field of x-ray scatter imaging (Leclair and Johns 2001) . The differential scattering cross section per electron, d e σ/d , determines the probability of photons with energy E scattering through an angle θ . The cross section is determined by a material's coherent (F coh ) and incoherent (F inc ) scattering form factors (Johns and Cunningham 1983) :
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In this equation, d e σ 0 /d is the classical Thomson cross section for scattering from a single, free electron and F KN is the Klein-Nishina factor for incoherent scattering. Both form factors are functions of the momentum transfer argument:
where h is Planck's constant and c is the speed of light. For a given material, incoherent scattering can be accurately characterized for all values of x by computing F inc as a combination of individual free atom form factors, such as those tabulated in Hubbell and Øverbø (1979) . This is the independent atom model (IAM) approach. In the case of coherent scattering, however, interference effects dominate for small x, meaning that F coh must be measured experimentally. Taking the practical limits of scatter imaging in diagnostic radiology in terms of angle and photon energy as 0.5
• θ 179
• , 16 E 140 keV, a library of form factors for tissues and phantom materials is required from x ∼ 0.1 nm −1 through to the IAM region, x ∼ 10 nm −1 . For pure water, the gold standard for F coh is the dataset of Narten (1970) who published data for 0 x 12.7 nm −1 . For tissues, the seminal paper was that of Kosanetzky et al (1987) , who published angle-dispersive diffractometer curves for 0.25 x 4.3 nm −1 for pork fat, muscle, tendon, bone, blood, liver, brain white matter, and brain grey matter, and the synchrotron work of Peplow and Verghese (1998) who studied several normal animal tissue types out to x = 10 nm −1 with the minimum x between 0.42 and 1.08 nm −1 , sample dependent. Others looked at a restricted range of materials and/or of x values (Evans et al 1991 , Royle and Speller 1995 , Westmore et al 1996 , Tartari et al 1997 , Kidane et al 1999 , Lewis et al 2000 , Desouky et al 2001 , Poletti et al 2002 , Fernández et al 2002 , Castro et al 2004 , Griffiths et al 2007 , Elshemey et al 2010 . Most of these measurements used angle-dispersive diffractometers, which were either conventional crystallographic machines or synchrotron instruments. Angle-dispersive diffractometers have inherent problems in measuring F coh for amorphous materials such as tissues and the published results vary significantly (Johns and Wismayer 2004) . We have reported on alternative methods of measuring form factors that can be done simply using a photostimulable phosphor plate but are low in x-resolution (King and Johns 2008) .
Most recently, we have thoroughly characterized an energy-dispersive method that provides reliable measurements for tissue-like materials (King and Johns 2010) . In this approach, a polychromatic x-ray tube source and energy-dispersive detector are aligned and the specimen is moved laterally so that photons must scatter at a small θ to reach the detector. This configuration is based on earlier work in our lab (Leclair and Johns 2002 , Hasan 2003 , Hasan and Johns 2004 , King 2009 ) and a similar approach was taken by Kidane et al (1999) and Leclair et al (2006) . Here we report coherent scatter form factors of tissues, water, and plastics based on this energy-dispersive technique.
Theory
The basic geometry of the experiment is shown in figure 1. More detailed information on the experimental configuration and the derivation of the following equations can be found in our previous work (King and Johns 2010) . An x-ray tube acts as a polychromatic source of x rays and the detector is an x-ray spectrometer. By translating the target laterally, the number of photons can be measured in both a transmission and a scatter configuration. The x-ray source and spectrometer remain stationary throughout the experiment. In the transmission configuration, we have shown previously (King and Johns 2010 ) that if the differential fluence per energy interval from the x-ray source at a distance L st is d t0 /dE, the number of photons in the range E → E +dE measured by the detector with cross-sectional area A dt through a target with linear attenuation coefficient μ t (E) will be
In the scattering configuration, if the x-ray source differential fluence at a distance L st is d s0 /dE, the number of photons measured is
where A ds is the area of the detector, ρ e is the electron density of the target material and V t is the scattering volume of the target. This expression is only valid for cos α ≈ cos β ≈ 1. In our experiment, α is at most 7.94
• and β is at most 7.15
• (King and Johns 2010) . Then, by computing the ratio of the scatter and transmitted spectra and using the definition of d e σ/d from equation (1), an expression for the coherent scattering form factor can be found:
In order to compute F coh from this expression, the composition of the target material must be known so that ρ e and F inc can be generated from tables. Although measurement of F coh is the main goal of this work, the data provide additional useful information. The differential linear scattering coefficient (Kosanetzky et al 1987 , Leclair et al 2006 is analogous to the linear attenuation coefficient μ t but is the probability per unit distance travelled of scattering into a given solid angle:
Both coherent and incoherent scattering information for the material are contained in this definition. From equations (3) and (4),
The advantage of measuring μ s is that the composition of the material does not need to be known. Thus, μ s can be extracted more easily from scatter measurements. The quantity μ s is not simply a function of the single variable x, however, but varies with both E and θ due to the presence of the Klein-Nishina factor F KN in the scattering cross section. For low energies, F KN approaches 1 so this difference is small but at higher energies it is more important. In order to remove the effect of any background photons (i.e. photons scattered in the container walls or elsewhere), for both the scatter and the transmission configurations we measured spectra with none of the target material present.
From our data, it was straightforward to also determine the linear attenuation coefficient of the material μ t as a function of energy, using the two transmission measurements, i.e. with and without the target material. In the absence of K-edges, the attenuation coefficient can be parameterized in a dual-material decomposition (Lehmann et al 1981) using two basis materials α and β:
where μ α and μ β are the linear attenuation coefficients of the basis materials and a α , a β are fitting parameters determined from the measured data. The parameters can also be expressed in polar coordinates r and .
Experimental details

Apparatus
Our experimental setup was described in detail previously and fully characterized (King and Johns 2010) . Here, we summarize some of the important points. We used a Machlett-Dynamax rotating anode tungsten x-ray tube as a source of polychromatic x rays. A potential of 121 kV was used with a nominal current of 2 mA. A PTW (PTW, Freiburg, Germany) Farmer style ion chamber was used to measure the beam output. All measurements were normalized to the output of this chamber. Apertures before and after the target defined seven different θ as well as the transmission configuration. Values for θ ranged from 1.7
• to 15.1
• (see table 1 ). An Ortec HPGe spectrometer (Ortec, Oak Ridge, TN, USA) was used to measure all spectra. The x-ray tube and spectrometer were aligned for the transmission configuration and were then fixed in place. A very small aperture was constructed for the transmission configuration by mounting a pair of micrometer spindles with tungsten carbide tips behind a 0.5 mm pinhole in a Pb sheet to give an aperture of roughly 20 μm × 500 μm. This aperture was removed during the measurement of the scatter spectra. The target was translated laterally to align in turn with each scatter aperture. In each configuration, both transmission and scatter spectra were measured with the target present in the path of the beam and without the target material. For liquid or tissue materials, this background was measured with an empty target container. For solid materials, the background was measured with nothing in the path of the beam. The scattering volume was calculated using a Monte Carlo ray-tracing simulation of the experiment developed in Matlab (The Mathworks, Natick, MA, USA).
The individual results from each configuration were combined together on a common grid in x space. Where different configurations overlapped, the results were checked for consistency with a χ 2 test. If the data were consistent, a weighted average was computed. Otherwise, for isolated inconsistencies, an unweighted average was used, and for regions with multiple inconsistencies the highest x resolution value was used. The rationale for this procedure is that a string of inconsistent values most likely corresponds to a sharp peak in the form factor where the varying resolutions from different configurations blur the peak to different extents. 
Sample preparation
The tissues studied were fat, muscle, liver, kidney and bone. Water and four plastics were also studied. The composition and physical parameters of these materials can be found in table 2. All samples were butcher-shop beef except for the fat samples which were pork, and were refrigerated, but not frozen, before use. All tissue samples except for the bone were placed in a 4 cm long custom built polycarbonate container. The entrance and exit windows were each 0.5 mm thick. The length of the container was designed to provide the largest scattering volume and hence, scattering signal possible. The tissue samples were cut to fit the container as tightly as possible. To prevent dehydration, the container was filled with phosphate-buffered saline and then the tissue was inserted, displacing the solution without air entrapment. Wherever possible, single pieces of tissue were used to fill the container.
The bone sample was placed in a shorter container (0.66 cm long) because of the larger amount of attenuation and multiple scattering present in this sample. The entrance and exit windows were again 0.5 mm thick. The shorter container, however, gave a reduced signal for the smaller scattering angles and increased the uncertainty of the volume calculation. 
Results
Water and polyethylene were used as control samples with measurements being repeated five times over a period of roughly six weeks to ensure the reliability of the measurements. The results are shown in figure 2. The other plastic materials were each measured a single time. Measured form factors for polystyrene, polycarbonate (lexan) and nylon are shown in figure 3. Tissue measurements were repeated multiple times, using different samples, to assess how much variation in the form factors can be expected. The results can be found in figures 4 and 5. Where measurements were repeated, the mean value was used and the uncertainties shown in the graphs represent the standard deviation of the results. All of the measured values of F coh , μ s and μ t and their uncertainties are tabulated in the appendix.
The measured attenuation coefficient of water (table A1) was compared to two standard references. When compared to Plechaty et al (1975) , μ t was larger by 3.3% at 40 keV, 5.6% at 60 keV, 5.2% at 80 keV and 2.9% at 100 keV. In comparison to the more recent NIST XCOM database (Berger et al 2010) , the differences were 1.2% at 40 keV, 4.9% at 60 keV, 4.9% at 80 keV and 2.8% at 100 keV. These differences are within our measurement uncertainty at 100 keV and somewhat outside at lower energies depending on which dataset is used for comparison.
The dual-material decompositions of μ t (E), as outlined in section 2, are shown in table 3. The dual-material fitting parameters were computed by performing a χ 2 minimization of the measured attenuation coefficients to those predicted by equation (8) for energies between 30 and 110 keV. The basis materials used were Al and polymethylmethacrylate (PMMA). The attenuation coefficients of the basis materials were taken from Plechaty et al (1975) . 
Discussion and conclusion
The measured form factors of the tissues are very similar to water, with the exception of the fat sample. This is consistent with the fact that the soft tissues are composed primarily of water. The tissues all show a strong increase in the form factor for x 0.5 nm −1 that was not visible in diffractometer results. As this increase is not present in the water and plastic measurements, we conclude that this is a real feature of the tissue scattering. This may be a result of longer range structure present in tissues as compared to water. However, the results for small x values are quite uncertain and should be verified through measurements at lower energies.
The size of the sample is an important factor in the design of the experiment. A larger scattering volume will produce more scattered photons and hence a stronger signal. A larger sample also leads to smaller geometric uncertainties. As the geometric uncertainties constitute the dominant source of uncertainties in the results, this is an important factor. The effect of the smaller sample size can be seen by comparing the uncertainties of the tissue measurements to those of the bone sample. However, a larger sample also makes it more difficult to prepare pure samples for measurement. Some types of tissues were unable to be studied because pure samples of the required size could not be obtained. As an example, in our work, grey and white brain tissue have not yet been separated clearly enough from each other to be distinguished.
The measured values of F coh at large x values are quite noisy. This is a result of the limited number of coherently scattered photons in these regions. Extracting the small coherently scattered signal from the much larger incoherent contribution is quite difficult. On the other hand, since the coherently scattered photons represent such a small fraction of those scattered in this region, an accurate knowledge of F coh is less critical than for smaller values of x where coherent scattering is the dominant mechanism.
The feasibility of using coherent scattering to distinguish between different types of materials was investigated by computing the ratio of the tissue form factors to that of water in figure 6. Fat shows the strongest difference from water, owing to the structural differences present between the two. The other soft tissues studied are much more similar. All of the soft tissues exhibit a peak around 1 nm −1 which we ascribe to the fat content. In this region, it appears that imaging will yield the most contrast. Further study of these and other tissues may identify other cases where coherently scattered photons can play a diagnostic role.
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Appendix A. Measured data
Energy
Differential linear scattering coefficient μ s (cm Hubbell and Øverbø (1979) . They have been used to extract the F coh values and so must also be used to construct scatter cross sections at arbitrary θ . The water and polyethylene data include measurements subsequent to King (2009) . The other three plastics are from the same experiments reported in King (2009) but here are on a more detailed x-grid.
x Water Polyethylene Polystyrene Polycarbonate Nylon 
